ABSTRACT
INTRODUCTION
Zinc oxide (ZnO) with wurtzite structure has a large direct band gap around 3.4 eV and a large exciton binding energy (60 meV), which offers efficient excitonic emission at room temperature and above, is an ideal material for optoelectronic application. Due to these properties, ZnO has been a focus of active research for the past several years [1, 2] . In optoelectronics ZnO possesses potential for various applications such as light-emitting diodes and lasers [3, 4] . However the stable and reproducible p-type doping in ZnO is still a problem, which is hindering the realization of a ZnO p-n homo-junction diode [5] . The hetero-junction devices often show less efficiency than homo-junction devices because an energy barrier is created at the junction, which decreases carriers injection efficiency. This problem can be solved by making many nanosized junctions, because the carrier injection rate can be increased in nanojunctions, leading to better efficiency [6] . ZnO possesses a rich family of nanostructures such as nanorods (NRs), nanowires (NWs) and nanoneedles, as some examples [7] . All such nanostructures have been successfully synthesized and have attracted interest because they can be used as building blocks for future optoelectronic devices. These nanostructures have many advantages among which large surface to volume ratio, good crystal quality and unique photonic properties [8, 9] . So far, among these structures, the NRs of ZnO are grown with relatively better crystalline quality with lower defect density compared to bulk and thin films due to their small footprint and the release of strain and stress due to the relaxing large surface area to volume ratio. At the same time, both ends of ZnO NRs are extremely smooth, making them perfect mirror planes and vertical NRs are like natural waveguide cavities for making the emitted light to travel to the top of the device, also minimizing partial leakage and thus enhancing the light extraction efficiency from the surface [10] . In recent years, ZnO based nanostructures have been studied intensively for applications to UV and visible light emitting and field emission devices [11] . Photoluminescence (PL) is considered as an important tool for optical characteristics of ZnO-nanostructures [12] . ZnO has two main emission bands in its room temperature PL spectrum; these are a sharp UV band and deep band emission (DBE) or green emission due to deep defect states in the band gap [12, 13] . Although much research on the origin of the deep band emission has been published, no consensus was reached. ZnO can exhibit different emissions in the visible range including violet, blue, green, yellow, and orange-red, which are associated with intrinsic as well as extrinsic defects [2, 13] . The free carrier concentration, doping compensation, minority carrier lifetime, and luminescence efficiency are directly or indirectly related to the defects [14] . The causes for the formation of these defects (intrinsic or extrinsic) and their spatial distribution are still controversial. ZnO based optical/electrical devices depend upon the defect chemistry and the understanding of the optical/electrical properties, both of which are the subject of recent theoretical and experimental studies. The spatial resolution for the PL is limited due to the diffraction limit and poor signal to noise ratio. In most of the cases the PL is taken from a group of NRs, which makes it difficult to investigate local or individual characteristics of NRs under illuminations [15] . For the detailed emission information and to explain the origin of specific emission from specific small area, even from individual nanostructures, a probe with high spatial and spectral resolutions is preferable. In this respect, depth resolved cathodoluminescence (CL) spectroscopy is performed, which records luminescence after creating electron-hole pairs by high energy electron bombardment and provide more information with its high spatial resolution, especially for nanostructures. Depth resolved cathodoluminescence spectroscopy is capable of probing the band gap, and the deep level defect features as a function of their positions in the band gap at different locations in the nanorod, enabling a wide range of information. Furthermore the information on the physical origin and growth dependence of the electrically active defects can also be extracted [16] .
In this study we report the use of cathodoluminescence (CL) as a local luminescence characterization tool for ZnO NRs to obtain detailed luminescence information and especially to verify the origin of specific emissions from ZnO NRs and distribution of radiative defects along vertical ZnO NRs. Green luminescence band that originates from defects is related to the electrical/optical characteristics of nanostructures, because defects are responsible for a wide modification of electrical/optical properties of ZnO [17] . Many future nanoscale systems can benefit from the optical properties of nanostructures. So it is important to obtain the detailed information about luminescence and verify the origin of specific emissions from ZnO NRs.
Depth resolved cathodoluminescence spectroscopy technique involves an incident electron beam of an energy that produces free electron-hole pair recombination across the bandgap or between deep levels and the band edges. The CL penetration depth increases with increase in the beam energy, as determined by the energy-range relationships for energy loss within a solid [18, 19] .
CL signals from different depth positions within the band gap of the material can be excited and thus an average depth distribution of luminescence can be determined. The acceleration voltage for this study was varied from 1 to 30 kV, which corresponds to a maximum penetration depth of 0.04 -2.16 µm as calculated from the Kanaya-Okayama model [19] .
EXPERIMENTAL DETAIL:
ZnO NRs were grown on a p-type SiC thin film. The p-type SiC film was grown by conventional CVD technique on n-SiC commercial substrate [20] . The acceptor concentration in the p-SiC thin film was around 5x10 18 cm -3 and the thickness was around 1 m. The ZnO NRs were grown by the vapour-liquid-solid (VLS) technique [13] . First we cover a small portion of Monochromatic CL imaging obtained for selected emission wavelengths using a single channel photomultiplier tube (PMT) and spectral analysis of the CL measured for samples using the nitrogen cooled charge-coupled device (CCD) camera. The luminescence is collected by a parabolic mirror and dispersed by a 0.55 meter monochromator equipped with a 600 mm -1 grating. We used two modes of excitation and these are as follows: (1) the scan mode for which the electron beam is scanned within a certain area during the CL measurement; (2) the spot mode for which the electron beam is kept fixed, and we used the spot size of 3 (beam diameter is 50 nm). From this condition of the CL system, we measured the CL spectra for the samples at both room temperature (RT) and low temperature (5 K).
The EL measurements of the ZnO NRs-based hetero-junction LED was carried out using a photo multiplier detector under dc-bias condition at room temperature. The light was collected from the topside of the device.
RESULTS AND DISCUSSION
The ZnO NRs grown were found to be vertically aligned and distributed uniformly. The typical length of the nanorods varies in the range 1.9-2.2 μm while the widths of NRs vary between 0.4 and 0.6 μm as shown in the SEM image in Figure 1 . The inset in Figure 1 shows the ZnO NRs after insulator deposition followed by etching. Figure 2 show curves of energy loss per unit depth, dE/dx, as a function of depth into the target material (ZnO) for 20 kV and 30 kV accelerated voltages. These curves present a polynomial fit to the Everhart-Hoff depth dose relation [18] , which takes into account the density and the average atomic weight. In order to understand the emission property from ZnO NRs, it is necessary to clarify the effect of electron beam conditions on the CL measurement.
Accelerating voltage is considered as a main parameter is affecting the electron beam [21] .
Therefore, the depth dependent CL spectra were investigated. Given that the phonon replica features near the ZnO band edge that corresponds to energies of 70-72 meV, consistent with the 580-590 cm -1 E 1 (LO) longitudinal optical phonon in bulk ZnO, we correlate the peak at 382.72 nm to phonon replicas of the peak at 374.44 nm [22] .
To gain greater insight into the defect chemistry, we measured CL spectra at room temperature (RT). Figure 4a shows the RT-CL spectra at different accelerating voltages (2-30 kV). The number of excited carriers is considered to be in proportion to accelerating voltage. The beam current is kept at 56 pA as described previously. The CL spectra exhibit NBE emission at 380 nm, which is related to the direct recombination of photon-generated charge carriers (excitonic emission) a green band centered at 521 nm and a red emission centered at 750 nm .
The peaks shift at RT is due to difference in band gap at 5 K and at RT. It is noted that the whole CL spectra are red shifted because the sample was heated by the electron bombardment.
The penetration depth (U 0 ) which is related to electron-hole pair creation rate, varies with incident electron accelerating voltages such that U 0 =0.04, 0.1, 0.4, 1.14 and 2.16 m for V b = 2, 5, 10, 20 and 30 kV, respectively. An electron acceleration voltage of 20 kV corresponds to 1 m of penetration depth [18] . The RT-CL spectra exhibit orders of magnitude lower NBE and high DBE which shows that defect concentrations is varying in orders of magnitude with depth on a nanometer scale. The CL emission intensities of the NBE emission, DBE and red as a function of the penetration depth are shown in Fig.4b . The band-edge and green emission show distinct differences in depth dependence but the red emission illustrates weak depth dependence. For the penetration depth in the range of 0-0.4 m, the NBE intensity is higher relative to the NBE intensity at the upper interface and tends to reach saturation. For the penetration depth between 1 -2.21 m the green emission intensity is higher than the NBE intensity. By increasing the accelerating voltage, the electron beam is expected to penetrate deeper into the NRs and excites more electron-hole pairs near and below the penetration depth. In this way, more and more emission centers will be excited by the electron bombardment. It is found in bulk and thin films of ZnO that the UV emission from ZnO can be internally reabsorbed by the crystal itself within a 1 m range [23] . However, this reabsorbed UV emission can excite defect states in the material resulting in DBE. Thus, part of the UV emission may contribute to the enhancement of the DBE [24] . The differences and variations in the size of the nanostructures also contribute to the emission intensities. A luminescence spectrum usually represents the optical characteristics of all the nanostructures inside the probing area, due to inhomogeneities among the nanostructures it may be considered as an average luminescence [25] . Remarkably, the ratio of the band edge to the DBE intensity, which is used as a criterion for the nano-rods quality, decreases with penetration depth within the whole length of our NRs. As a result from Fig. 4b , it is concluded that there are more deep defects at the root of ZnO NRs. Willander et al. demonstrated that ZnO
NRs have more structural defects at the interface of the ZnO NRs and the substrate than the top, by HR-TEM study [7] . Chien-Lin et al. [26] reported that the NBE and DBE are emitted separately from two opposite halves of the nano-rods. The CL spectroscopy gives in depth information about radiative defects step by step using this technique it is concluded that ZnO
NRs have more radiative defects at the interface. dependence of the CL spectra allows us to determine the depth distribution of the luminescence centers [27] . Figure 5a shows the dependence of the CL spectra on the beam current. The accelerating voltage was fixed at 10 kV and current varies from 4.2 -240 pA. The CL intensity of NBE emission is increasing relative to the DBE and the intensity of NBE emission is saturated at a current of 240 pA. Figure 5b shows the intensity of the NBE as a function of the electron beam current. From Figure 5b , the NBE increases linearly and the saturated cathodoluminescence intensity is observed at the electron beam current of 240 pA (also see Fig.   5a .
We also measured a CL spectrum from an area containing no ZnO, but at the SiC. The CL spectra of SiC have very weak emission at 390 nm and 540 nm but the CL spectra of ZnO NRs show stronger emissions at 380 nm and DBE (420-720 nm) centered at 521 nm as shown in Fig. 6 . Fig. 6 confirms that most of the emission is originating from ZnO NRs, and the SiC has a minute contribution to the emission.
The corresponding RT-EL spectrum for forward injection current is shown in Figure 7 .
This EL spectrum shows two peaks. These are DBE at 525 nm and a red emission at 683 nm.
The peak positions in the EL spectra are different than in the CL spectra because the sample was heated by the electron bombardment during CL measurements.
In the literature, there is still controversy about the origin of the luminescence centers observed in ZnO material [12] . Several groups have reported that different defect centers in ZnO are responsible for the DBE and red emissions. Leiter et. al. observed a broad, DBE centered at 2.45 eV and assigned it to the oxygen vacancy (Vo) [28] . Using theoretical considerations, the DBE observed at 2.38 eV has been attributed to the oxygen antisite (O Zn ) [29] , other candidates are zinc vacancies [30] , interstitial zinc (Zn i ) [31] , and Cu impurities [31] . In our case, the green emission should be attributed to the point defects mentioned above. The variation in the green emission peak position is attributed to different relative contributions from, e.g. V O , V Zn , O Zn and Cu related defects caused by fluctuations in the growth conditions for different growth methods [13] . In the CL and EL spectra, the DBE has a peak at 521 ±0.04 nm we can say that this is due to V O in the ZnO nanorods due to which green light is emitted which contribute to the white light emitted from the device. The red emission is attributed to interstitial zinc (Zn i ) [12] . Surface or bulk oxygen vacancies are often cited as the origin of n-type conduction in ZnO, which has been questioned in recent years [32] . Oxygen vacancies, zinc interstitials, or hydrogen are thought to be responsible for the n-type conduction. Although the DBE is not directly related to those shallow donors, the density of defects giving DBE can be proportional to that of shallow donors if they have similar origins such as different charging states of oxygen vacancies [25] . This would explain the relation between higher carrier density and green luminescence observed because the carrier density for our hetrojunction diode is 1.4×10 18 cm -3 . Detailed analysis indicates that the DBE band in ZnO NRs is due to both isolated oxygen vacancies (shortwavelength side) and donor-acceptor pairs (long-wavelength side) with an oxygen vacancy (V O ) as the donor [33, 34] . At room temperature-CL spectra DBE at 521 nm arises from electron transitions from the energy level of isolated vacancies to the valence band. Analysis of the lowtemperature edge-emission spectra in the UV region suggests that the synthesized nanorods contain shallow donors and acceptors. As follows from results of the peak at 369 nm, is due to the radiative recombination of neutral donor-bound excitons [35] . In summary, we have shown that depth resolved cathodoluminescence can provide information about the quality of ZnO NRs, the role of defects and optical characterization of ZnO NRs with high spatial resolution. The room temperature CL spectra of ZnO NRs exhibit NBE emission as well as strong defect related green and red emission peaks. In the CL spectra, the defect related green emission was increased with the increase of the electron beam penetration depth due to the increase of defect concentration at the interface and due to the conversion of self-absorbed UV emission. This indicates a rather poor structural quality close to the p-SiC substrate. The CL spectra at temperature 5 K in the UV region suggest that the ZnO NRs contain shallow donors and acceptors. The peak intensity of the NBE, green band and red as a function of electron beam current. 
